Amitozyn (Am) is a semi-synthetic drug produced by the alkylation of major celandine (Chelidonium majus L.) alkaloids with the organophosphorous compound N,N'N'-triethylenethiophosphoramide (ThioTEPA). We show here that the treatment of living cells with Am reversibly perturbs the microtubule cytoskeleton, provoking a dose-dependent cell arrest in the M phase. Am changed the dynamics of tubulin polymerization in vitro, promoted the appearance of aberrant mitotic phenotypes in HeLa cells and induced apoptosis by the activation of caspase-9, caspase-3 and PARP, without inducing DNA breaks. Am treatment of HeLa cells induced changes in the phosphorylation of the growth suppressor pRb that coincided with maximum mitotic index. The dose-dependent and reversible anti-proliferative effect of Am was observed in several transformed cell lines. Importantly, the drug was also efficient against multidrug-resistant, paclitaxel-resistant or p53-deficient cells. Our results thus open the way to further pre-clinical evaluation of Am.
Introduction
Together with surgery and radiotherapy, chemotherapy is one of the most effective tools for treatment of diverse neoplasms. Despite the huge arsenal of existing cytostatics, the development of new anticancer agents is necessary to overcome the rise in drug resistance. More than half of the known anti-proliferative drugs, such as Vinca alkaloids, taxanes or etoposide, are natural compounds or their derivatives. Natural compounds are employed in traditional and non-traditional medicine and present considerable advantages such as simplicity and relatively low cost of isolation on an industrial scale.
The medicinal plant celandine (Chelidonium majus L.) was used for the treatment of various diseases, and in particular of tumor neoplasms [1] [2] [3] . Detailed research on celandine composition showed that its anti-proliferative effect was due to the major extractable alkaloids: chelidonine, chelerythrine, sanguinarine, berberine and coptisine [4] . Despite their structural similarity, these compounds affect the living cells through different mechanisms. Chelidonine provokes mitotic arrest [5] and blocks the exit of dividing cells from anaphase. It is known to be able to modulate tyrosine kinase activity [6] . The proposed mechanism of chelidonine action, similar to that of colchicines, consists of inhibition of tubulin polymerization [7, 8] . Both sanguinarine and chelerytrine induce apoptosis in cancer cells [9, 10] . In addition, they exert a dose-dependent inhibition of angiotensin-and endothelin receptors [11] and inhibit the activity of some enzymes, such as lipoxygenases and aromatic amino acid decarboxylases [12, 13] . Sanguinarine has been shown to perturb microtubule assembly [14] and inhibit the activity of some enzymes [15, 16] , while the mechanism of chelerythrine activity is not clear. It was proposed to be a potent inhibitor of protein kinase C [17] , but this has later been questioned [18] . Sanguinarine, berberine and chelerythrine are powerful DNA intercalators; their activity, which provokes the double-strand breaks in DNA molecules, changes the physical properties of DNA and perturbs DNA replication and synthesis of mRNA [19] [20] [21] . Another celandine alkaloid, coptisine, decreases proliferation of vascular smooth muscle cells [22] and exhibits cytotoxicity against HT29, LoVo and L-1210 cells [23] . It is able to inhibit porcine pancreatic elastase and human sputum elastase [24] . However, coptisine has not been well studied and its mechanism of action remains unclear.
To enhance the antitumor activity and decrease the nonspecific cytotoxicity of celandine alkaloids it was proposed to modify them by alkylation. The alkylated pharmacological form called amitozyn (Am) is the result of alkylation of a mixture of celandine alkaloids (devoid of berberine) with N,N'N'-triethylenethiophosphoramide (ThioTEPA) (Figure 1 ). Am is widely used in folk medicine in Eastern Europe. Indeed, its anti-tumor potential has been demonstrated in vitro and in vivo in several tumor models [25] . However, the molecular mechanism of Am activity is not understood. In this work, we set out to elucidate its cellular effects. We found that Am accelerates the tubulin polymerization in vitro and promotes the appearance of aberrant mitotic phenotypes in HeLa cells. Am treatment provokes the mitotic block and induces apoptosis via mitotic checkpoint activation. Furthermore, Am inhibits the proliferation of transformed cell lines. Importantly, the drug is also efficient against multidrug-resistant, paclitaxelresistant or p53-deficient cells.
Materials and Methods

Materials
The semi-synthetic drug Am was prepared as described in Supporting information at a concentration of 25 mg/ml. This preparation contains major celandine alkaloids ( Figure 1 , Figure  S1 , Table S1 ). Paclitaxel, etoposide, roscovitine, propidium iodide RNAse A and McCoy's 5A medium were purchased from Sigma. AZ 3146 was purchased from Tocris Bioscience. Low melting agarose, SYBR Green I, advanced RPMI Medium 1640, D-MEM and fetal bovine serum were purchased from Invitrogen. LDH cytotoxicity kit was from Clontech. The following polyclonal rabbit Abs were used: anti-c-H2AX and anti-phospho histone H3 from Upstate Biotechnology, anti-Pan-actin, anti-cleaved Caspase-9, anti-Caspase-3 and anti-poly ADP ribose polymerase (PARP), anti-phospho-PP1a (Thr320), rabbit anti-phospho-pRb (Ser780) from Cell Signaling, anti-BubR1 from Santa Cruz Biotechnology, FITC-conjugated donkey anti-mouse, anti-rabbit antibodies from Jackson ImmunoResearch and goat anti-rabbit and anti-mouse HRP-conjugated antibodies from Promega. The following mouse monoclonal Abs were used: anti-MPM-2 from Upstate Biotechnology, anti-b-tubulin from Sigma, anti-cyclin B1 from Santa Cruz Biotechnology, anti-pRb 4H1 from Cell Signaling, anti-p27 from Transduction Laboratories and anti-Bcl-2 from Dako.
The human HeLa, KB3, HT29, HCT116, A549, MESSA and murine B16 and GL26 cell lines were purchased from ATCC. The HeLa cells stably expressing histone 2B fused to eGFP (HeLa-H2B-eGFP) were kindly provided by N. Flow Cytometry Cells at 60-70% of confluence were treated with 0 to 500 mg/ml Am for 3, 6, 9, 12, 24, 36, 48, 60 and 72 h and subsequently collected by pooling together the non-attached and attached cells. Then cells were analysed by two-dimensional flow cytometry as described previously [26] . Briefly, cells following fixation in ice cold 90% methanol, were washed three times in PBS and then incubated with anti-MPM2 MAb diluted 1:500. Then cells were washed twice as described above and subsequently incubated for 30-40 min at 37uC with FITC-conjugated anti-mouse Ab diluted 1:250. After two washing steps, the cells were labeled with propidium iodide (PI), a DNA marker. The suspension of stained cells was analyzed by FACScan (Becton Dickinson flow cytometer), using CellQuest software. For each sample 10 000 events were collected and the aggregated cells were gated out.
Immunoblotting
Am-treated and control HeLa cells were harvested, washed with PBS and subsequently lysed in lysis buffer (50 mM Tris, pH 7.4, containing 250 mM NaCl, 0.1% NP-40, 0.1 mM PMSF, aprotinine at 10 mg/ml, leupeptine at 10 mg/ml and 100 mM NaF) for 30 min on ice. Then, the cell lysate was centrifuged for 10 min at 13 000 rpm and the concentration of soluble proteins in supernatant was measured by the Bradford method. Equal portions of protein (20 mg) were resolved by SDS/PAGE, electrotransferred onto the nitrocellulose membrane and treated with the appropriate primary Ab diluted 1:1000. For loading controls the anti-pan-actin and anti-b-tubulin antibodies were used at 1:1000 dilution. After overnight incubation with Ab, the membrane was quickly washed and incubated for 1 h at room temperature with the secondary HRP-conjugated anti-rabbit or anti-mouse antibody, diluted at 1:5000. Finally, the membranes were developed with ECL (ThermoScientific).
Cell Culture, Immunofluorescent Microscopy and Live Cell Imaging
The antiproliferative effect of Am was analyzed on 13 different cell lines. HeLa, Hela cells stably expressing histone 2B fused to eGFP (HeLa-H2B-eGFP), GL26 and B16 cells were grown in the DMEM medium supplemented with 2 mM L-glutamine, 1% penicilin/streptomycin and 10% FBS. KB and KB-15-PTX/099 cells were grown in the same medium supplemented with 20% FBS. The KB-15-PTX/099 cells were grown in the presence of 2 nM paclitaxel. MESSA, MESSA (Dx5) MDR, A549 and A549T12 were cultivated in the RPMI 1640 medium supplemented with 2 mM L-glutamine, 1% penicilin/streptomycin and 10% FBS. The medium for A549T12 cells was additionally supplemented with 2 nM paclitaxel. HCT116, HCT116 p53( 2/2 ) and HT29 were cultivated in McCoy's 5A medium supplemented with 1% penicillin/streptomycin and 10% FBS. All cell lines were maintained in a humid incubator at 37uC in 5% CO 2 .
Cells were left to adhere for at least 24-36 h onto poly-Dlysine-coated coverslips placed in 60 cm 2 Petri dishes before drug addition. When cells reached the 60-70% confluence, the medium was replaced with a fresh one supplemented with Am at concentrations up to 500 mg/ml. After appropriate time of exposure to Am, cells were fixed by immersing the coverslips with attached cells in 2% paraformaldehyde in PBS for 20 min at 37uC. After three PBS washes, cells were permeabilized with 0.2% Triton in PBS for 5 min at room temperature and immediately washed three times with PBS, each time for 5-10 min. Cells were treated with anti-b-tubulin and anti-c-H2AX Abs diluted 1:400 and 1:100, respectively, in the antibody buffer (PBS containing 3% BSA, 0.05% Tween and 0.02% sodium azide). Cells were subsequently stained with a FITC-conjugated donkey anti-mouse and anti-rabbit secondary Abs at 1:250 dilution for 30 min at 37uC. Finally cells were counterstained with PI at 0.5 mg/ml. Images were captured with a BX61 motorized research microscope (Olympus) and analyzed using Volocity software (Improvision).
To visualize the dynamics of cell growth in the presence of Am, time-lapse microscopy was performed. For imaging we used HeLa cells synchronized by double thymidine block (Supporting information) and non-synchronized HeLa cells stably expressing histone 2B fused to eGFP. Cells were filmed with a Leica DMIRE2 inverted microscope as described previously [27] .
Checkpoint Inhibition Experiments
To analyse whether Am induced mitotic checkpoint requires the Cdk kinase activity, the chemical inhibitor roscovitine [28] was used. After double thymidine block, performed as described in Supporting information, the HeLa cells were released in drug-free medium. After 6 h the cells were treated with Am (250 mg/ml) and released 11 h later under four different conditions: 250 mg/ml Am, 250 mg/ml Am with 10 mM roscovitine, 250 mg/ml Am with 4 mM inhibitor of TTK1 kinase AZ 3146 [29] , and in the drugfree medium. The time of mitotic exit and presence of a mitotic checkpoint were analysed by time-lapse microscopy and western blot, respectively, as described above.
Microtubules Polymerization Assay
Effect of Am on tubulin polymerization was studied with tubulin from bovine brain, prepared as described [30] . Tubulin polymerization was carried out at 37uC in PEM buffer (100 mM PIPES, 1 mM Na-EGTA, and 1 mM MgCl 2 , pH 6.9) by mixing 60 mM of tubulin, 4% DMSO and different Am concentrations, in total volume 50 ml. Controls were carried out in the presence of 2 mM paclitaxel or nocodazole at 20 mg/ml. All measurements were performed with 96-well Sunrise photometer (Tecan, Maennedorf, Switzerland) at 340 nm with intervals of 7 sec. Statistical significance of data was analyzed by Microsoft Excel.
To study Am effects on total polymer mass of tubulin, tubulin polymerization was carried out for 24 h at 37uC either in the presence of different Am amounts, or water/polyethylenglycol 400/dymethylsulfoxide in proportions 1.5/1.5/2 (polymerization control), or with paclitaxel (stabilization control), or nocodazole (depolymerization control). The incubation mixtures were centrifuged at 50 000 rpm for 30 min, and the pellet and the supernatant fractions were analyzed by SDS-PAGE.
DNA Comet Assay
Comet assay was used to determine the ability of Am to induce double-strand breaks in HeLa DNA. Cells grown in 24-well plates to 60-70% confluence were treated with different concentrations of Am for 12 h, scraped mechanically, suspended in medium and centrifuged for 5 min at 1000 rpm. Recovered cell pellet was suspended in 1 ml PBS (pH 7.4), and 10 ml of cell suspension was mixed with 90 ml of 0.5% low-melting agarose diluted in PBS and preheated to 37uC. The cell-agarose mixture was applied onto microscopic slides. After agarose solidification the slides were placed in the cold (4uC) lysis buffer (10 mM Tris, pH 10, 2.5 M NaCl, 100 mM EDTA, 1% Triton) for 1 hour, then treated with alkaline solution (300 mM NaOH, 1 mM EDTA, pH 13) for 20 min. The slides were washed twice in TBE buffer, each time for 10 min. Next, the slides were placed in TBE buffer and the electrophoresis was carried out during 10-15 minutes at 1 V per 1 cm of distance between electrodes. Then the slides were washed twice with distilled water (265 min) and placed in 70% ethanol for 5-10 min, dried on air, stained with SYBR Green I and observed in fluorescent microscope at 480 nm. The comet tails of Amtreated cells were compared with comet tails of untreated (negative control) cells or treated with 5 mg/ml etoposide (positive control).
Cell Viability and Cytotoxicity Assay
Portions of 1-2610 4 cells/well were seeded in 24-well plates and incubated with 0 to 500 mg/ml of Am for 24 to 72 h. At the desired time point the medium was removed and tested in triplicates using the LDH cytotoxicity kit. The cytotoxicity assay was performed and results were calculated as described in the kit manual. In parallel, the cells were harvested, treated with 0.2% trypan blue and counted. The cell viability was estimated as percentage of live cells compared to control. The viability assay was performed in duplicate in three independent experiments. The statistical significance of the difference between the control and treated groups was determined by t-criterion of Student. Pvalue #0.05 was considered to be statistically significant.
Results
Qualitative and Quantitative Analysis of Am Composition
Liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) and LC-ESI-MS/MS experiments were carried out to determine Am composition. Peak area % comparison was used to identify the relative contents of alkaloids in Am (Table S1 , Figure S1 ). The identity of the main alkaloid chelidonine was confirmed by detection of molecules with the same MS/MSfragmentation pattern as chelidonine standard ( Figure S2A , B, C). Chelidonine appears at two different retention times (t R ) which can be due either to the presence of two isomeric forms or different counterions. The results of MS analysis suggest that ThioTepa is not covalently linked to alkaloids but seems to dimerize and probably forms complexes with alkaloids by electrostatic interactions.
A standard HPLC method with UV detection at 280 nm was used for the quantitative determination of the main alkaloid chelidonine in amitozyn. The chelidonine standard concentration was 1.25 mM. Comparison of peak areas from integration of the detector signals during elution showed a concentration of 443 mM of chelidonine in the Am preparation. The concentrations of chelerythrine (30 mM), coptisine (79 mM) and ThioTEPA dimer (56 mM) were calculated according to the relative peak areas.
General Effect of Am on HeLa Cells
Treatment of non-synchronized cells with Am at concentration of 125-500 mg/ml led to cell arrest in the G2/M phase. The percentage of 4N cells depended on the Am concentration and exposure time (Figure 2A , B). The lowest Am concentration that showed nearly the highest arresting effect was 125 mg/ml ( Figure 2A ). Exposure to 125 mg/ml Am for 3 h increased the percent of 4N cells to 4464%. This number increased to 7367% or 7566% when exposure was prolonged to 12 or 24 h ( Figure 2B ). After a 24 h exposure, the number of 4N cells decreased, with concomitant increase in the number of apoptotic cells, revealed by an increase of the sub-2N-peak ( Figure 2B ). Staining with mitotic protein monoclonal 2 (MPM2) antibody that recognizes a family of proteins sharing a common mitotic cells phosphorylated epitope [31] demonstrated, that treatment with 250 mg/ml Am for 24 h resulted in an increase of mitotic index from 260.7% for untreated cells to 5266% ( Figure 2C ). The highest level of MPM2 protein was observed after 12-24 h treatment with Am, whereas with a longer Am treatment (48 h) the level of MPM2 significantly decreased ( Figure 2C, WB) . These results together show that amitozyn arrests HeLa cells in M phase in the concentration-and time-dependent manner.
The Effect of Am is Reversible
To see if the effect of Am was reversible, HeLa cells were synchronized in the G1/S phase by double thymidine block and released either by addition of medium or in the presence of 250 mg/ml Am ( Figure 2D ). Cells, which after a 12 h treatment with 250 mg/ml Am were arrested in metaphase, upon medium release were able to overcome mitotic arrest and underwent mitosis and cell division ( Figure 2D , middle row). However, when cells were treated with Am for 24 h, they were unable to overcome mitotic arrest and, consequently, underwent apoptosis or became polyploid ( Figure 2D , third row). These results indicate that cells blocked in mitosis after Am treatment did not undergo apoptosis immediately and demonstrate that Am is a reversible drug.
Am Induces Apoptosis in HeLa Cells and Modulates the Level of Growth Suppressor pRb
We estimated the level of common effectors of apoptosis: activated caspase-9, caspase-3 and poly (ADP-ribose) PARP-1 [32] [33] [34] and growth suppressor pRb. Treatment of HeLa cells with 250 mg/ml Am increased the quantity of activated caspase-9, caspase-3 and PARP-1 ( Figure 3A ), in agreement with FACScan data that showed mitotic arrest upon a 12 h Am treatment (Figure 2A ). In parallel, the Am treatment upregulated the level of pRb protein and its inactive forms, phosphorylated at Ser 780 ( Figure 3B ), which coincided with mitotic events and induction of apoptosis.
Am Perturbs the Cell Cycle in HeLa Cells and Induces Mitotic Checkpoint
Phosphorylated BuBR1 is an indicator of mitotic checkpoint [35] . An increase in the phosphorylation of BuBR1 was observed upon Am treatment (Figure 4) . A similar timing was associated with modulation of the amount of cyclin B1 upon Am treatment. Cyclin B1 amount was at first elevated, and decreased somewhat at 48 h treatment (Figure 4) . Moreover, Bcl2 protein, known as a marker of M-phase events [36] , was phosphorylated upon Am treatment, which suggests the appearance of mitosis-arrested cells [37] . Furthermore, Am treatment for 12-24 h significantly increased the level of phospho-PP1a (Thr 320), suggesting PP1 inhibition [38] . Such multiple phosphorylation events that occur predominantly during the early and mid-mitosis, have been observed in many cell types arrested at mitosis [39] . The sustained mitotic status of HeLa cells exposed to Am was supported also by phosphorylation of the histone H3 that is not observed in randomly cycling cells [40] (Figure 4) . The mitotic block observed upon Am treatment is thus most probably due to activation of the mitotic spindle assembly checkpoint.
Am treatment affected also the levels of negative regulators of cell cycle such as p27. At 12 h Am did not arrest cell cycle progression in the G1 phase, which can be judged by p27 extinction. However, a slight p27 increase at 24 h and 48 h suggests that the appearance of tetraploid G1-phase cells arose from 4N cells blocked in mitosis, which is in agreement with the time-lapse data ( Figure S3A, B) . Some Am-treated cells exited from mitosis forming the micronucleated cells and entered the next G1 phase with subsequent apoptosis ( Figure S3A ). Interestingly, the treatment of mitotic HeLa cells with checkpoint inhibitor AZ 3146 (but not with roscovitine) decreased the level of cyclin B, histone H3 phosphorylated at Ser 10 and a phosphorylated form of BubR1 that overrode the mitotic checkpoint and promoted the mitotic exit even in the presence of Am (Figure 5A, B) . Taken together, these results show that Am synchronizes HeLa cells in M phase by mitotic block, activates the mitotic checkpoint leading to cell death in mitosis (962% of cells) or to the appearance of tetraploid micronucleated cells (9162% of cells) ( Figure S3B) , with ensuing apoptosis and death. Furthermore, the TTK1 inhibitor AZ 3146 (but not roscovitine) could override the Am induced mitotic checkpoint accelerating the mitotic exit ( Figure 5A , B).
Am induces an Aberrant Phenotype in HeLa Cells
After exposure of HeLa cells to Am, we observed an increasing number of cells in mitosis. Detailed observation showed that the dose-dependent treatment with Am led to appearance of cells with the aberrant mitotic spindles. In cells treated with 30-125 mg/ml Am we observed bipolar and multipolar mitotic spindles ( Figure 6A , second and third row, respectively). In cells with bipolar aberrant phenotype some chromosomes were not correctly aligned in the metaphase plate and were localized near the spindle pole. Furthermore, the distance between spindle pole was smaller (8.560.5 mM) than in untreated cells (14.960.9 mM) ( Figure 6A , compare first and second row and Figure S4A ). The multipolar aberrant cells had more than two poles and more than one metaphase plate. In contrast, upon treatment with high Am concentration (250-500 mg/ml), the mitotic spindle was completely destroyed, resulting in cells with multiple diffuse tubulin aggregates in the cytoplasm ( Figure 6A , last row). The observed phenotypes were not similar to those induced by paclitaxel whereby two or more large poles, significantly bigger compared to tubulin aggregates, were observed after Am treatment, but were comparable to the phenotypes induced by chelidonine, vinblastine, nocodazole and colchicine ( Figure 6B and Figure S4B ), suggesting that Am might affect the microtubule dynamics by an analogous mechanism.
In cells treated with 15-30 mg/ml Am, the number of aberrant mitotic cells of type I increased about 5-8 fold compared to control, while treatment with 125 mg/ml Am led to disappearance of cells with normal mitotic spindles, with concomitant induction of about 75% aberrant bipolar mitotic cells of type I and about 25% of aberrant multipolar cells of type II ( Figure 6C ). Am at 250 mg/ml resulted in appearance of mitotic cells of type III, all containing tubulin aggregates diffused in the cytoplasm. The interphase cells treated with 15-125 mg/ml Am had normal or The HeLa cells were synchronized in the G1/S phase by double thymidine block and released by medium addition (top row), exposed to Am (250 mg/ml) for 12 h with subsequent release in medium for 12 and 24 h (second row) or released in Am (250 mg/ml) during the entire experiment (last row). Cells were analyzed by FACScan as described in Materials and methods. doi:10.1371/journal.pone.0057461.g002 Figure 3 . Activation of apoptotic markers and modulation of pRb level upon Am application. HeLa cells were treated with 250 mg/ml Am for 12, 24 and 48 h. As a control (C) we used untreated cells grown for 48 h. Cell lysates were prepared as described in Materials and methods, and the level of activated caspase-9, caspase-3 and cleaved PARP (A), and total pRb and pRb phosphorylated at Ser 780 (B) was analyzed by Western blot. b-tubulin and actin were used as loading controls. doi:10.1371/journal.pone.0057461.g003 weakly affected microtubules. When interphase cells were treated with 125-250 mg/ml Am, their microtubules appeared to change the shape and density ( Figure 6E, first row) , which was similar to images observed after treatment with 23 mg/ml chelidonine ( Figure 6E, second row) . As shown in Figure 2D , cells synchronized in the G1/S phase can enter mitosis in the presence of Am, without arrest in the phase G1, S or G2, suggesting that Am blocks the cells in M phase, similarly to the majority of microtubule drugs.
Am Changes the Dynamics of Tubulin Polymerization in vitro
We analyzed the polymerization profile of bovine tubulin in the presence of Am, in comparison with effect exerted by paclitaxel and nocodazole. In the presence of 30-500 mg/ml Am the rate of tubulin polymerization increased. However, the total quantity of polymerized tubulin was not changed by Am ( Figure 6F ). In contrast to Am, chelidonine inhibited the tubulin polymerization in concordance with previously published data [7] (Figure S5 ). As the polymerization profile was different from the one obtained in the presence of nocodazole, chelidonine and paclitaxel, it can be inferred that Am has a different mechanism of action in vitro, and is most possibly acting by accelerating tubulin assembly.
Am does not Induce dsDNA Breaks
Some DNA damaging agents can provoke the arrest of mammalian cells during the G2/M transition. Since Am includes the modified chelerythrine that can potentialy induce the dsDNA breaks, we checked the potential of Am to damage DNA in HeLa cells. The appearance of dsDNA breaks appearing in the form of tails in the comet assay in Am-treated cells was investigated in comparison with etoposide-treated and untreated cells. We used etoposide for positive control because etoposide is a cancer drug that induces strand breaks in cellular DNA by inhibition of topoisomerase II-mediated religation of cleaved DNA molecules [41] . Treatment of HeLa cells with 500 mg/ml Am for 12 h did not increase the ratio of cells with dsDNA breaks, while a significantly higher number of tails was seen upon etoposide treatment ( Figure 7A, B) . To avoid the induction of dsDNA breaks caused by apoptosis, the treatment was not carried out beyond 12 h. The dsDNA breaks induced the phosphorylation of the H2AX histone that can be visualized by immunofluorescent staining of phosphorylated c-H2AX. However, no c-H2AX histone could be seen either in cells treated with 500 mg/ml Am for 12 h or in untreated ones ( Figure 7A ), thus confirming that Am does not induce dsDNA breaks. These results indicate that Am affects cells in a different way than DNA-damaging agents.
Am Inhibits Cell Proliferation
We observed that Am decreased cell viability and induced cytotoxic effect in HeLa cells. Approximatly half of HeLa cells were unable to proliferate when 30 mg/ml of Am was applied for at least 72 hours. Cell proliferation was nearly totally blocked by Am above 60 mg/ml ( Figure 8A ). In parallel, Am cytotoxicity was estimated using the lactate dehydrogenase (LDH) release assay. Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme that is released into the culture medium following loss of membrane integrity and which serves as a general assay to asses cytotoxicity resulting from the activity of chemical compounds or the enviromental toxic factors [42] . An Am treatment for 12-24 h induced a low cytotoxic effect (about 2-7%), but after 48 h of treatment the cytotoxicity increased up to 80-96% ( Figure 8B ). The time of maximum LDH release (48 h) coincided with sustained activation of caspase-3, caspase-9 and PARP ( Figure 3A) . These results, when combined with the observed phenotypic changes induced by Am, demonstrate that cell death might result from prolonged Am-induced mitotic arest or aberrant exit from mitosis leading to appearance of micronucleated cells and apoptosis.
Promising results obtained in the HeLa model encouraged us to test this drug on other cells, such as cells with chromosomal instability (CIN) and also cells with wild type p53 and devoid of p53, mutidrug-resistant or paclitaxel-resistant cells and their drugsensitive counterparts. In addition, two mouse cancer lines were also analyzed. To be able to compare the Am effects we determined cell viability for different cell lines (Figure 8 and Figure 9 ) and calculated the IG 50 for different periods of Am treatment (Table 1) .
HT29, a cancer cell line with chromosomal instability have been shown to be unable to produce mitotic checkpoint regulator protein BUBR1, which results in an abnormal response to microtubule disrupting drugs, leading to a small amount of mitotic cells and no clear peak in mitotic index [43] . Despite the low doubling time of HT29 cells (19.5 h), the IG 50 for 72 h of Am treatment were relatively high, (Table 1) , however, at 120 h Am exposure, the IG 50 decreased to 4064 mg/ml (data not shown), showing that massive cell death was induced after prolonged Am treatment. These data suggest that even if Am-treated CIN cells can escape mitotic catastrophe through increase in ploidy, the accumulation of chromosomal aberrations becomes critical at a certain moment and provokes cell death. The precise mechanism of this phenomenon requires additional investigation.
It is known that many cancer cells express an inactivated p53 protein, which changes their sensitivity to drugs [44] [45] [46] [47] . To find out if the effect of Am also depends on p53 status, we used the HCT116 and HCT116 p53( 2/2 ) cell lines. We observed that the presence of intact p53 did not increase significantly the sensitivity of HCT116 to Am after 72 h of exposure (Table 1 and Figure 9 ).
The effect of Am and paclitaxel on MESSA multidrug-resistant (Dx5) and MESSA non-resistant cells was investigated. We observed that the IG 50 for paclitaxel at time point 72 h was 260.2 nM for MESSA and 2462 nM for MESSA Dx5 MDR cells (Figure 8C, D) . Contrary to this, there was no significant difference between amitozyn IG 50 for MESSA and MESSA Dx5 MDR cells at the same time point ( Figure 8C , D and Table 1 ). This is a remarkable result in the context of chemotherapy for drug-resistant cancers since the MESSA Dx5 cells contain an active PgP efflux pump [48] . 
mg/ml amitozyn for 8 h, fixed and stained with anti-tubulin Ab (green) and PI (red). A and B, the mitotic phenotypes of HeLa cells observed after amitozyn and chelidonine (Chel) treatment, respectively. C and D, ratios of different mitotic phenotypes in cell population after Am and Chel treatment, respectively. Percent of cells with white -normal mitotic spindle; grey -abnormal mitotic spindle of type I; shaded -abnormal mitotic spindle of type II; black -abnormal mitotic spindle of type III. (E) Interphase cell observed in the presence of amitozyn and chelidonine. HeLa cells were exposed to amitozyn and chelidonine at indicated concentrations, fixed and stained with anti-tubulin Ab. Drug concentration is shown in mg/ ml. (F) Effect of amitozyn on tubulin polymerization in vitro. Tubulin (60 mM) was polymerized for 10 min at 37uC in the presence of 0-500 mg/ml amitozyn as described in Materials and methods. doi:10.1371/journal.pone.0057461.g006
Since Am activated tubulin polymerization in vitro, it was of interest to study its effect on cells resistant to paclitaxel, a commonly used microtubule stabilizer. We analyzed the effect of Am on paclitaxel-resistant KB-15-PTX/099 and A549-T12 cells and its paclitaxel-sensitive counterparts, KB and A549, respectively [49, 50] . Paclitaxel-resistant KB-15-PTX/099 that were grown in the paclitaxel-free medium during 72 h, were about 12 times more sensitive to Am than their paclitaxel-sensitive analogue cells (Table 1) . Paclitaxel addition diminished the sensitivity of KB-15-PTX/099 to Am (Table 1 and Figure 9C ). The paclitaxelresistant A549-T12 cells that were grown in the presence of 2 nM paclitaxel during 72 h also did not exhibit resistance to Am: as shown in Table 1 and Figure 9D , IG 50 for A549-T12 was not different from that of its sensitive analog A549, in contrast to KB-15-PTX/099 cells. These results demonstrate the importance of future experiments in the animal model.
Finally, to explore the Am effect on the non-human cells we used mouse melanoma B16 and mouse glioblastoma GL26 cell lines. As shown in Figure 9A and Figure S6 , Am inhibited the proliferation of both lines, yielding IG 50 comparable with that observed for example for MESSA and A549 cells (Table 1) .
Discussion
We show here that treatment with a semisynthetic drug amitozyn results in cell death by apoptosis. An Am treatment activated caspase-9, caspase-3 and PARP, common indicators of apoptosis and modulated the expression level of growth suppressor pRb. Indeed, after an Am treatment, we observed an increase in Rb and also in its phosphorylated forms. During the M-to-G1 transition, pRb is progressively dephosphorylated, returning to its growth-suppressive hypophosphorylated state [51, 52] . It appears thus that the Am treatment blocks cells in the M phase, as shown by the maximal level of hyperphosphorylated Rb observed after 12-24 hours post-treatment. However, after 48 hours of Am treatment, the level of phosphorylated Rb forms decreased as a result of partial M-to-G1 transition or apoptosis. The results of time-lapse ( Figure S3) show, that exit M-G1 is not reductive and leads to the appearence of tetraploid cells.
Rb phosphorylation induced by Am treatment coincided with changes in the phosphorylation status of BubR1, the mitotic checkpoint kinase, suggesting changes in BubR1 activity. BubR1 protein mediates the proper attachment of microtubules to kinetochores and links the regulation of chromosome-spindle attachment to mitotic checkpoint signaling. Therefore, disruption of BubR1 activity results in chromosome instability and a loss of checkpoint control [53] . In vitro data suggest that the phosphorylation status of BubR1 is important for checkpoint inhibition of the anaphase-promoting complex/cyclosome [54] and for checkpoint-mediated mitotic arrest [55] . Our experiments showing prolonged phosphorylation of BubR1 protein after Am treatment clearly demonstrate the mitotic checkpoint activation. In addition, observed fluctations in the level Cyclin B1, a factor that controls the transition from G2 phase to M phase further suggests that Am induces the spindle checkpoint. We observed that the Cyclin B1 amount that was first elevated decreased somewhat at a 48 h treatment (Figure 4 ). Cyclin B1 begins to accumulate in the G2 phase and reaches the peak level just before its destruction in metaphase. It begins to be degraded at the beginning of metaphase [56] by ubiquitin-mediated proteolysis [57] . Activating the spindle checkpoint by disrupting the spindle with nocodazole or colchicine inhibits degradation of cyclin B1 [58] . Similar results were obtained with an Am treatment; after 24 h of an Am treatment, the cyclin B1 level was stable, suggesting that Am induces the spindle checkpoint that inhibits cyclin B1 degradation.
The Bcl2 protein known as a marker of M-phase events [36] was phosphorylated upon an Am treatment, which suggests the appearance of mitosis-arrested cells [37] . Furthermore, Am treatment for 12-24 h significantly increased the level of phospho-PP1a (Thr 320) suggesting PP1 inhibition [38] . It is known that activated (dephosphorylated) PP1a dephosphorylates the phospho-Rb protein during late mitosis until complete dephosphorylation in the ensuing G1 period that suppresses the cell cycle progression. Treatment with Am for 48 h decreased the level of both phospho-PP1a (Thr 320) and phospho-Rb protein showing the partial transition of cells into the G1 phase while decreasing mitotic cell ratio. The sustained mitotic status of HeLa cells exposed to Am was supported also by the phosphorylation of histone H3, which is not detected in randomly cycling cells [40] . Phosphorylated histone H3 was diminished at an 48 h treatment with Am, demonstrating the decreasing mitotic cells ratio. Treatment of mitotic cells with inhibitor AZ 3146 but not with roscovitine decreased the level of cyclin B1, phosphorylated BubR1 and histone H3 ( Figure 5A, B) . AZ 3146, the mitotic checkpoint inhibitor, overrides the spindle checkpoint and promotes the mitotic exit.
It should be noted that the negative regulator of cell cycle such as p27 was affected upon an Am treatment. p27 was identified as a CDK (cyclin-dependent kinase) inhibitory protein induced by a variety of anti-proliferative signals that resulted in cells arrested in either G0 or G1 phase of the cell cycle [59] . In vivo, p27 can inhibit the kinase activities of a variety of cyclin-CDK complexes and is able to arrest cell cycle progression [60] . p27 extinction observed with Am treatment suggests that Am did not arrest cell cycle progression in the G1 phase. These data advocate for a strong disturbance of the cell cycle, leading to the accumulation of cells in the M phase. The mitotic block observed upon Am treatment is conceivably due to activation of the mitotic spindle assembly checkpoint. Based on our results, we propose that Am-induced mitotic arrest and mitotic checkpoint can lead to three different scenarios. Firstthe cells stay blocked in mitosis by prolonged mitotic checkpoint that leads to the tetraploidization and passage of cells into the G1 phase of second round of cell division. Second -the cells with perturbed mitotic spindle remain capable of division, which results in aneuploidy with cells passing into the G1 phase of second round of cell division. Third -the cells arrested in mitosis undergo apoptosis that results in mitotic cell death. Each scenario might depend on the Am concentration and its ability to induce one or the other mitotic phenotype. Interestingly, significant cytotoxic effects induced by Am in HeLa cells were observed only after 48 h of treatment that coincided with maximal activation of caspase-3 and caspase-9 after mitotic checkpoint activation. These results show that Am predominantly kills actively dividing cells after their entry in mitosis.
Importantly, Am efficiently inhibited the growth of multidrug resistant cells such as MESSA Dx5 MDR that express hight level of active PgP pump and have the significant resistance for many cytostatics. Also, the paclitaxel-resistant cell line A549T12 was similarly inhibited by Am as its paclitaxel non-resistant counterpart, A549. Moreover, taxol-resistant KB15 PTX cells were even more sensitive to Am than taxol-sensitive KB cells. We suppose that the observed difference between A549T12 and KB 15 PTX sensitivity to Am depends on a particular tubulin mutation carried by these cells. A549T12 cells contain the heterozygous point mutation at alpha379 (Ser to Ser/Arg) in Kalpha1-tubulin [61] . were not more sensitive to Am than p53 null cells. Interestingly, the growth inhibition of HT29 cells with chromosomal instability exerted by Am was somewhat retarded when compared with the majority of studied cells. Published data show the modest antiproliferative potency of chelidonine (Table S2 ). IG50 of chelidonine varies from 2.58 mM for A375 cells to over 141 mM for A549 cells [9, [62] [63] [64] [65] [66] . Calculated IG50 of chelidonine in Am for HeLa, HT29 and A549 cells was 0.478 mM, 1.7 mM, 1.45 mM respectively. These values are much lower than published IG50 of nonmodified chelidonine: 85 mM, 16.7 mM and .141 mM for HeLa, HT29 and A549 cells respectively [63, 66] . We show here that Am increases the rate of tubulin polymerization in vitro, in the concentration-dependent fashion. Despite the activation of MTs, polymerization effect of Am is different from that of taxol, which increases the total polymer mass of tubulin and induces a completely different phenotype in HeLa cells. It is also different from that of the principal component of Am, chelidonine, which has been shown to inhibit the tubulin polymerization in vitro and to compete for the colchicine-binding site [7] . On the other side, both, Am and chelidonine, induce three similar types of aberrant mitotic phenotypes in HeLa cells, perturb the cell cycle, and arrest the cells in M phase. Thus, Am and chelidonine exert different effect on tubulin polymerization in vitro but induce similar mitotic aberrations in living cells. It is possible that the modification of chelidonine by ThioTEPA modulates the capacity of this alkaloid to inhibit the tubulin polymerization in vitro, rendering the modified drug, Am, a weak ''stabilizator'' of microtubule assembly in vitro. It is also conceivable that inside the cells amitozyn acquires depolymerization properties as a result of metabolic modification.
The celandine-derived semi synthetic drug Am can be prepared in a simple and rather inexpensive way. The dose-dependent and reversible anti-proliferative effect of Am observed in several transformed cell lines opens the way to further preclinical evaluation of this cytostatic drug. 
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